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Because amino acids are incorporated 
into proteins, they have traditionally 
been thought to represent end products 
of metabolic pathways. Moreover, since 
both in prokaryotes and eukaryotes the 
biosynthesis of amino acids is generally 
regulated by feedback inhibition loops 
of allosteric biosynthetic enzymes by the 
amino acids themselves, these feedback 
inhibition loops have been considered 
as the central regulators of amino acid 
metabolism. Yet, the notion that amino 
acids are end products of metabolic 
pathways is incorrect since amino 
acids are intermediates in metabolic 
pathways and are catabolized to various 
products having multiple functions. 
We are studying the regulation and 
functional significance of metabolic 
pathways of amino acids in plants, using 
genetic, metabolomic and bioinformatic 
approaches. Our genetic approaches 
use: (i) genetically engineered allosteric 
biosynthetic enzymes whose feedback 
inhibition characteristics are eliminated; 
and (ii) loss of function mutants in 
genes encoding enzyme that catabolize 
the amino acids. Using the metabolic 
pathway of the essential amino acid 

lysine, as an example of several model 
systems that we study, we showed 
(Fig. 1) that: (i) either the expression 
of a feedback-insensitive biosynthetic 
enzyme of this pathway or the loss 
of function of its catabolic enzyme 
each caused only a slight increase in 
lysine level in the cells; (ii) in contrast, 
combination of these two traits into the 
same plant caused a huge synergistic 
in the level of free lysine. These 
results imply that even though lysine 
is a minor amino acid in its steady 
state level, the flux through lysine 
synthesis and catabolism can become 
very strong. We are also studying the 
physiological implications of this strong 
flux potential through lysine synthesis 
and catabolism. Our results imply that 
this metabolic pathway plays multiple 
physiological functions.

We are also using a bioinformatic 
approach to elucidate principal 
transcriptional programs of amino 
acid metabolism in plants. At the first 
step, we analyzed the response of 
metabolic networks associated with 
the metabolism of 11 out of the 20 
protein amino acids in response to 
abiotic stress conditions, using publicly 
available microarray results. Our results 
show that genes encoding catabolic 
enzymes of amino acids are principally 
much more sensitive and respond 
faster to abiotic stresses than genes 
encoding biosynthetic (allosteric and 
non-allosteric) enzymes and hence play 
major regulatory roles in amino acid 
metabolism upon exposure to these 
stresses. Yet, the specific spatial and 
temporal response patterns of genes 
encoding catabolic and biosynthetic 
enzymes are distinct for different 
metabolic pathways in response to 
different stress conditions. Our results 
also imply that catabolic enzymes enable 
rapid and efficient changes of fluxes 
via different branches of amino acid 
metabolic pathways upon the exposure 
to stress conditions, to apparently 
allow rapid metabolic adjustments. 
We propose a novel principle module 
regulating amino acid metabolism in 
plants (Fig. 2). The major controller of 
the module is the gene encoding the 
catabolic enzyme Et, catalyzing the 

first catabolic step of the amino acid. 
Its rapid upregulation in response to 
external cues stimulates the module by 
reducing the level of its substrate (St), 
namely the amino acid (Fig. 2; step 1; 
dotted curved arrow). Reduced level of 
St stimulates the activity of allosteric 
biosynthetic Ei enzyme by reduction of 
its feedback inhibitiovn by St (Fig. 2; step 
2; dashed cured line), stimulating the 
flux through the entire module. Broken 
line in Fig. 2 represents all biosynthetic/
non-allosteric steps. Hence, the module 
is regulated by both: (i) a “just-in-time” 
response of the catabolic genes to 
external cues when they arrive and (ii) 
a response of the allosteric biosynthetic 
enzyme to the levels of the amino acid, 
“just-in-case” that they are changing in 
response to changes in the the activity 
of the catabolic enzyme. Interestingly, 
many of the metabolic modules are 
located in branch points of amino acid 
metabolic networks, allowing rapid 
shifts in fluxes into different directions 
through the metabolic networks. Such 
rapid changes are particularly essential 
in plants as they are sessile organisms 
that need to respond rapidly to changing 
environmental cues.

The pool of the amino acids in plants 
may also be determined by the extent of 
their incorporation into proteins (Fig. 2; 
curved black arrow) and by the extent 
of protein breakdown (Fig. 2; gray 
curved arrow). Our proposed module 
(Fig. 2) may thus also fit to actively 
growing (non-senescence) tissues of 
plants grown under favorable (non-
stress) conditions in which the catabolic 
enzymes are generally repressed, but 
the incorporation of the amino acids 
into proteins (black curved arrow) may 
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Fig. 1 Relative free lysine levels in wild type 
and different transgenic Arabidopsis plants. 
Relative levels of free lysine are given as 
mole% of total amino acids. Abbreviations: 
K/O, a knockout mutant in the LKR/SDH 
gene of lysine catabolism; DHPS/Ht and 
DHPS/Hm, transgenic plants expressing a 
bacterial feedback-insensitive DHPS enzyme 
of lysine biosynthesis in heterozygous and 
homozygous states, respectively; K/O × 
DHPS, the crossed ”LKR/SDH knockout” 
× ”DHPS” plants. Bars at the top of the 
histograms represent the standard error.
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transiently reduce the level of the amino 
acid (St) and as a consequence enhance 
the flux through the metabolic module 
by transiently reducing the feedback 
inhibition on the allosteric enzyme Ei.

In a different project, using the same 
genotypes described above, we are 
also studying how do plants respond 
to changes in fluxes of amino acid 
metabolic pathways and whether these 
responses can expose novel regulatory 
principles of plant metabolism. In 
this study we use developing and 
germinating seeds as a model system.  
Our results expose a number of 
interesting observations: (i) seed 
development and germination are 
associated with distinct metabolic 
switches in which particular 
metabolites, such as trehalose, 
gamma-amino butyric acid (GABA) and 
glutamine play central regulatory roles; 
and (ii) the period of seed desiccation, 
which was previously thought to be 
mostly associated with loss of water, 
appears to be highly active in specific 
metabolic networks that prepare the 
seed for germination.

Fig. 2 Schematic representation of the 
proposed regulatory metabolic module. The 
regulatory steps are: The major controller of 
the module is the gene encoding the catabolic 
enzyme Et, catalyzing the first catabolic step 
of the amino acid. Its rapid upregulation 
stimulates the module by reducing the level 
of its substrate (St), namely the amino acid 
(step 1; dotted curved arrow), which then 
stimulates the activity of the biosynthetic 
allosteric enzyme (step 2; dashed cured 
line) and further stimulates the flux through 
the entire module. Broken line represents all 
biosynthetic/non-allosteric steps. The pool 
of the amino acid may also be determined by 
the extent of its incorporation into proteins 
(curved black arrow) and by the extent of 
protein breakdown (gray curved arrow).




